The aim of the present study was to compare radiation dose received by thyroid gland using different radiotherapy (RT) techniques with or without thyroid dose constraint (DC) for breast cancer patients. Computerized tomography (CT) image sets for 10 patients with breast cancer were selected. All patients were treated originally with opposite tangential field-in field (FinF) for the chest wall and anteroposterior 
| INTRODUCTION
Breast cancer is the second most common cancer nowadays, after lung cancer. 1 Surgery is one of the most clinically beneficial procedures for treatment of breast cancer. However, it is possible that after surgery the remaining deposits of neoplastic disease locally or at distant sites are present. 2 Therefore, radiotherapy (RT) plays an important role in removal of the resident deposit of breast cancer. 3, 4 Unfortunately, the side effects of RT are inevitable, particularly on the sensitive organs such as thyroid gland. 5, 6 Thyroid gland is very sensitive, important and the largest pure endocrine gland in our body and more importantly its hormones play a very significant role in metabolism, development, growth, overall energy expenditure, and a large number of body organs functions. 7, 8 Primary hypothyroidism is a well known side effect of curative RT in patients with head and neck cancer and Hodgkin lymphoma, [9] [10] [11] [12] whose RT portals usually encompass the entire thyroid. [13] [14] [15] [16] However, limited data are available regarding hypothyroidism in patients with breast cancer treated with locoregional RT wherein the treatment field includes only part of the thyroid. [17] [18] [19] [20] [21] Many studies have shown that radiation can cause thyroid gland disorders, 7, 8, 11, 22 although the tolerance dose (TD) of the thyroid gland has not been definitively established. 23 The minimum thyroid TD 5/5 (incidence of clinical hypothyroidism in 5% of patients at 5 yr after treatment) is considered to be 20 Gy when all or part of the gland is irradiated with conventional fractionation. 12, 24 Although some studies have reported the occurrence of RT-induced hypothyroidism at high radiation doses (e.g., ≥30 Gy), 21, 25 Dorri et al. 3 observed no significant differences in thyroid hormone levels before and after RT in breast cancer patients, further highlighting the contradictory findings regarding RT's effects on thyroid function.
Our knowledge of radiation-induced hypothyroidism in patients with breast cancer is limited because the thyroid gland is not routinely considered as an organ at risk (OAR) during the irradiation of breast cancer. There is a growing body of literature examining the relationship between thyroid dose and hypothyroidism development in breast cancer RT. 26, 27 However, few studies have compared the effects of different RT techniques on the thyroid dose.
The purpose of this study was to dosimetrically compare locoregional breast treatment plans using tangential field-in-field (FinF), intensity-modulated radiotherapy (IMRT) and helical tomotherapy (HT) techniques in terms of thyroid dose that could potentially predict RT-induced hypothyroidism risk and to determine whether the use of thyroid dose constraint (DC) is beneficial.
| MATERIALS AND METHODS

2.A | Computerized tomography (CT) imaging
Computerized tomography (CT) image sets for 10 patients with breast cancer were selected from our treatment database. All patients underwent our department's routine procedures for patients with breast cancer. During the CT scan, each patient was in a supine position on a breast board, adjusted to achieve a flat chest wall with the head turned away from the side of treatment and the ipsilateral arm placed above the head.
2.B | Target delineation
The chest wall and ipsilateral supraclavicular field (SCF) were delin- The IMRT plans consisted of nine coplanar beams. The lateral and medial gantry angles were the same as those used in the FinF approach, while the other seven fields were placed between these fields at equal intervals. The field width, pitch, and modulation factor parameters were assigned as 2.5 cm, 0.287, and 2.0, respectively, for the HT plans. Two virtual structures (constraint-lung and constraintheart) for DCs were contoured for each patient to decrease radiation doses to the lungs and heart. Partial blocking was applied to the contralateral breast.
The FinF and IMRT plans were generated using the Eclipse™ treatment planning system (Varian Medical Systems, Palo Alto, CA) and the HT plans were performed using a tomotherapy Hi-ART planning system. The dose-volume constraints used for the IMRT and HT plans are presented in Table 1 . While DCs were applied for the heart, ipsilateral lung, contralateral lung, and contralateral breast in the IMRT DC(−) and HT DC(−) plans, thyroid DCs were included in the IMRT DC(+) and HT DC(+) plans in addition to the above constraints.
2.D | Dose-volume histogram data and statistical analysis
The generated treatment plans were compared objectively using dose-volume histograms (DVHs) for PTVs and different OARs of interest. In the PTV, mean dose (D mean ), conformation number (CN), and homogeneity index (HI) were compared between all five plans.
CN is calculated from the following formula:
where TVRI is the target volume covered by the reference isodose (95% of the prescribed dose), TV is the target volume, and VRI is the volume of the reference isodose. The CN ranges from 0 to 1, where 1 is the ideal value.
Another index for evaluating the plan is the HI, which takes into the homogeneity of the dose distribution within the target. HI is calculated from the following formula: 
| RESULT
The doses of planning target volume and OAR according to five different plans are summarized in Table 2 .
The mean thyroid gland volume of 10 patients was 11.9 cm 3 (6.3-19.8 cm 3 ). Detailed dosimetric results for the thyroid glands and SC nodes for the five different plans are presented in Table 3 . (Table 3) .
| DISCUSSION
The thyroid gland is very sensitive to radiation and a large number of studies showed that radiation can cause disorders such as hypothyroidism, Graves' disease, and thyroid cancer. 7, 8, 11 Although the dose of radiation is a significant factor for predicting thyroid dysfunction, 21 ,28-31 few investigators have performed clinical thyroidassociated DVH analysis after RT. 12, 32, 33 Most of these investigations were studied in patients with head and neck cancer patients treated with RT doses higher than those used in RT for breast cancer. 12, 26, 31 Hypothyroidism is one of the late toxicities of curative RT to the neck region, and the incidences of hypothyroidism that have been reported range from 20% to 52%. [9] [10] [11] [12] 29 Unfortunately, our knowledge of radiation-induced hypothyroidism in breast cancer patients is limited because the thyroid gland is not routinely considered as an OAR during breast cancer RT. As a result, radiation-induced hypothyroidism in these patients has been investigated in only a few studies, which reported varying incidence rates (6%-21%) in patients with breast cancer. 17, [19] [20] [21] 34 The correlation between radiation dose and hypothyroidism was demonstrated by Kuten et al. 9 and Yoden et al., 28 T A B L E 4 Estimated P-values for the compared treatment plans. 26 showed that the risk of hypothyroidism in breast cancer patients after SC-RT depends on the thyroid gland volume and V 30 > 50%.
In contrast, Diaz et al. 35 reported that the D mean and V 10 to V 70
were not associated with hypothyroidism. Alterio et al. 12 also
showed that D mean , V 10 , V 30 , and V 50 were not associated with hypothyroidism, and Dorri et al. 3 found no significant difference in thyroid hormone levels before and after RT in breast cancer patients.
Although radiation-induced thyroid disorders remain underestimated and study results are often contradictory, the current consensus is that RT causes hypothyroidism, and V 30 and D mean values have the most predictive value for development of hypothyroidism in patients with breast cancer. Therefore, in our study, these two parameters were used as a reference for DC of the thyroid gland.
In the present study, all treatment plans provided adequate coverage of the planning target volume. Our results of IMRT DC(−) , HT DC (−) , IMRT DC(+) , and HT DC(+) plans presented similar dosimetric results as the previous studies with respect to critical organs (e.g., contralateral breast, heart, and both lungs). The TD mean > 21 Gy and the V 30 was >50% for the FinF technique, which was not planned to include a special shield to reduce the dose to the thyroid gland. In the IMRT DC(−) and HT DC(−) plans, the TD mean was >21 Gy, while the V 30 was <50%. For the IMRT DC(+) and HT DC(+) plans, we were able to achieve the dose limits to the thyroid gland that we set for V 30 and
In addition to dose-volume parameters, other factors have been identified as predictors for thyroid dysfunction such as thyroid gland volume. Thus, accurate estimation of the size and localization of the thyroid is critical for evaluating dose-volume parameters and management of thyroid disorders. Therefore, it is recommended that the thyroid gland is contoured by experienced radiation oncologists, and contrast-enhanced CT may be beneficial.
One of the important challenges to address during breast RT is secondary cancer risk. Various reports have shown that increased low doses may increase the risk of secondary malignancy development. [36] [37] [38] The move from three-dimensional conformal RT to intensity-modulated techniques involves more fields, and the dose-volume histograms show that, as a consequence, a larger volume of normal tissue is exposed to lower doses. In addition, the number of monitor units is increase. Both factors will tend to increase the risk of development of secondary cancers. In this study, low dose-volume (V 10 )
was significantly larger in the IMRT DC(−) and HT DC(−) plans than in the FinF, IMRT DC(+) , and HT DC(+) plans. According to some authors, V 10 was not associated with hypothyroidism. 12, 35 However, it should not be ignored that larger low dose-volume may be a risk factor for the development of secondary thyroid cancer in breast cancer patients with long life expectancies.
| CONCLUSION
The use of intensity-modulated techniques with thyroid DC (+) significantly reduce the dose to the thyroid gland when compared with DC (−) for the breast patients with SCF irradiation; therefore, it is recommended that recognition of the thyroid as an OAR and the use of DCs during IMRT and HT planning to minimize radiation dose and thyroid volume. Future clinical studies are needed to confirm this dosimetric results.
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